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This program techn ica l  report, i s  submitted t o  NASA/MSC i n  hccordance wi th  

 ask I~~SC/TRW A-19, Contrzct  NAS 9-4810. It con ta ins  t h e  f i n a l  propuls ion 

perfcrmance eve lua t ion  and malfunct ion ana lyses  of t h e  Serv ice  Propuls ion System 

of PS 201 and supersedes  both t h e  AS 201 propuls ion performance quick look  r e p o r t  

which was published on 1 5  March 1966, and t h e  rev i sed  quiclc look  r e p o r t  which 

was published on 23 March 1966. The cooperat ion of t h e  Propuls ion Analys is  

Se-Lion of NASA/MSC and,  i n  p a r t i c u l a r ,  t h e  e f f o r t s  of M r .  Pa t  B.  Burchf ie ld  

ir! ?oordina t i n g  a c t i v i t i e s  between NASA/MSC and TRW Systems and providing needed 

informat ion has  been g r e a t l y  apprec ia ted .  
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. AS-201 . 

SPACECRAFT 009 

PROPULSION PERFOM4NCE EVALUATION 

INTRODUCTION 

This r e p o r t  i s  submitted i n  f u l f i l l m e n t  of Task A-19, Subtask 111-11, Iten1 K, 

F i n a l  Post-Flight Performance and Ma.lfunction Analysis Report ,  of Contract  NAS9-4810. 

I tem K c a l l s  f o r  l ' p repara t ion  and submi t t a l  of documentation which p r e s e n t s  t h e  

r e s u l t s  of f i n a l  pos t - f l igh t  performance and rnalfunction analyses  w i t h i n  f o r t y  days 

a f t e r  r e c e i p t  of a l l  necessary  f l i g h t  d a t a . "  The minimum d a t a  required t o  perform 

a f i r i a i  propulsiorl performance a n a i y s i s  of t h e  SPS from f l i g h t  of t h e  f i r s t  Apollo- 

Saturn 201 mission were received from NASA/MSC on 1 2  March 1966, r e q u i r i n g  f i n a l  

propulsion performance evaluatiori  inpu t  by 23 A p r i l  1966. 

A s i g n i f i c a n t  e f f o r t  by TRM Systems i n  t h e  a r e a s  of malfunction a n a l y s i s  and 

propuls ion system performance eva lua t ion  has  been expended, t h e  r e s u l t s  of which a r e  

discussed h e r e i n .  A ma t r ix  d e s r r i b i n g  p o t e n t i a l  rnalfunction hypotheses ve rsus  t h e  

s u b s t a n t i a t i n g  t e lemet ry  dat,a i s  g iven,  and a d i s c u s s i o n  of two phase f low which 

would rc3sult from helium i n g e s t i o n  i n t o  t h e  ox id ize r  feed system i s  presen ted .  Also 

included i s  a genera l  discussiori  of t h e  BEPP  st Estimate of Propulsion Parameters)  

Program, f l i g h t  t e s t  d s t a  used i n  t h e  a n a l y s i s ,  SPS performance s imula t ion ,  and 

t h e  propu~.sion/propellant  systems performance parameters a s  de r ived  from t h e  BEPP 

a n a l y s i s .  I n  a d d i t i o n ,  a d i scuss ion  of t h e  d a t a  processing required t o  produce 

t h r u s t  a c c e l e r a t i o n  from both sources  of a x i a l  a c c e l e r s t i o n  i s  inc luded ,  i . e . ,  t h e  

d e t a  processing of measurements CH3184 Del ta  Ve loc i ty  Remaining Potent iometer  Output 

end CK0004 Linear Acceleration S t r u c t u r e  X-Axis  i s  included.  
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Mission AS 201 was flown from the Merritt Island La.unch Area on 26 February 1966. 

Flight data were reduced from three telemetry receiving stations: K S C ,  Ascension 

and RKV. Data from the RKV were used for ignition and the first 160 seconds of 

the SPS first burn only, due to poor data quality after 160 seconds, Data from 

Assension was used for the remainder of the first burn a.nd the second burn. 

A malfunction was observed to start at first burn ignition plus 70 seconds 
and zontinue throughout bot,h burns causing the actual velocity gained from the 

SM/SPS to be less than required. All probable malfunctions were investigated, 

and lielium ingestion was found to be the only malfunction that could have caused 

all of t,he abnormal transients observed in the telemetered data. Helium was first 

ingestcd at 70 seconds. Increasing amounts of helium ingested during the remainder 

of the flight caused the observed transients in the telemetered data and resulted 

in the failure of the SM/SPS to achieve the required velocity gain. It was con- 

cluded that the most probable source of the helium leak was in the oxidizer transfer 

1-ine stprldpipe inside and near the top of the zero-g can. 

The Best Estimate of Propulsion Performance (BEPP) Program was used to 

determine the propulsion system perforrnalice parameters during the steady state 

portion of the SPS first burn. The resulting propulsion system performance 

parameters are presented herein. Two sources of axial acceleration were used 

in a n  attempt to calculate accurate 1,otal thrust acceleration profiles for use 

in the BEPP Program, but the inaccuracy of the resulting profiles were an order 

of mag~iitude higher than data on past missile programs. The lack of accurate 

thrust c7cceleration data degraded the resulting performance reconstructions from 

the BZPP Program. Thus, the derived AS 201 SPS propulsion system performance 

p2r?meters are not considered to necessarily represent the true performance of 

the propulsion system. 

The classical methods of calculating rocket engine performance have also 

been exercised. These rnethods are discussed and the results presented. 



The following matrix br ings together  a l l  the  SPS performance malf'unction 

l~ypotheses t h a t  have been considered and shows which da t a  confirm o r  deny 

each hypothesis. The individual  hypotheses a r e  described b r i e f l y  i n  the 

lefthand column of the matrix, while the top row i d e n t i f i e s  the p r inc ipa l  

pro.pulsion performance data  functions. $&ere a given function can be explained 

by ,i pa r t i cu l a r  malf'unction hypothesis, an X i s  placed in the appropriate  c e l l .  

V,herwise, it is  l e f t  blank. Each malfunction hypothesis is  discussed i n  sub- 

seqltent sec t ions  of the repor t .  Helium ingestion, which has the  s t ronges t  

data confirmation, i s  analyzed in  d e t a i l  i n  a separate  sect ion.  

A ,  Helium Ingestion Through kak i n  Oxidizer Standpipe 

Heli1:m ingest ion i n  the oxidizer  feed system ins ide  the zero-g can would 

explain a l l  of the t r ans i en t  cha rac t e r i s t i c s  indicated by the data .  A time 

incrensing vol~unetr ic  r a t i o  of helium t o  oxidizer  would cause the v e l o c i t i e s  

t o  increase in  the feed system, the  mass flowrate of oxidizer  t o  be decreased 

and the pressure drop from the tank t o  the oxidizer  valve i n l e t  t o  increase.  

The decreased oxidizer  valve i n l e t  pressure and oxidizer  mass flowrate would 

cause the chamber pressure t o  decrease, which would cause the f u e l  mass flow- 

r a t e  t o  increase and the  f u e l  valve i n l e t  pressure t o  decrease. The propel lan t  

l e v e l  dropping i n  the oxidizer  tank would provide an increasing dr iv ing  force 

which would cause the increasing helium flowrate necessary f o r  t h i s  mechanism. 

A quant i ta t ive  invest igat ion of helium ingestion e f f e c t s  was undertaken and i s  

presented i n  the Helj-um Ingestion Section, Section 111. 

The gradual decay of 5' F. i n  oxidizer  valve i n l e t  temperature and feed 

l i n e  temperature could be explained by cold helium bubbles i n  the oxidizer  

providing a large heat  tr:insfer a rea  allowing the f luid-gas mixture temperature 



TABLE 111-1 

CORRELATION OF IlYPOTIEESIZED ANOMALIES WITH TELENETERED ABNORMAL DATA TRANSIENTS 

Malfunction 
IIypothesis 

Helium Ingestion through 
leak - i n  oxidizer  stand- 
pipe 

B. Helium ingest ion through 
leak  i n  t op  of zero-G 
c an 

C -- 

C. P a r t i a l  cons t r i c t ion  i n  
helium supply - -- - .- - - . - - -- - --- - --- - - - - 

D. P a r t i a l  cons t r i c t ion  i n  
t r an s f e r  l i n e  between 
oxidizer storage and 
sump tanks 

E. Complete cons t r i c t ion  i n  
t r a n s f e r  l i n e  between 
oxidizer  storage and 1 sumptanits 

Complete cons t r i c t ion  i n  
helium supply l i n e  down- 
stream of tank pressure 
transducer e --- 

G. Thrust chamber th roa t  
er ros ion 

Oxidizer l eak  upstream 
of propellant  shutoff 
valves 

I. Oxidizer l eak  downstream 
of propellant  shutoff 
valves 

Chamber 
Pressure 

Fuel  Tank Oxidizer Tank 

( ~ i r s t    urn) Pressure Fressure 

emetered Abnonnal Data Transients 
I I 

Helium 
Storage Tank 

Pressure 

- 
Oxidizer Engine 

Feed Line 
Pressure Deca 1 Temperature 

( Second  urn) - - 



t o  decrease. The t empera tu~e  would decrease w.i,.th I.ncreasing propsrtfons of  

helium. 

The e r r a t i c  chamber pressure during the  second burn could be t h e  r e s u l t  

of a l a rge  amount of helium being ingested i n t o  t h e  oxfdizer  during t h e  zero-g 

per iod between t h e  two burns of t h e  SPS Engine. After t h e  f i r s t  f e w  seconds 

of t h e  second burn, a l a rge  v o l u m e t ~ i c  proport ion of  helium could have passeel. 

through t h e  oxidizer  feed l i n e .  This l a rge  volumetxic proportion of helium 

could a l so  account f o r  the  10' F. shor t  durat ion drop i n  t h e  ox id ize r  feed line 

temperature. The low chamber pressure would cause a corresponding decrease i n  

valve i n l e t  pressures ,  which was observed, The shor t  durat ion decrease of I O ~ F ,  

observed i n  t h e  feed l i n e  temperature was not indica ted  i n  t h e  ox id ize r  i n l e t  

temperature. This i s  due t o  t h e  f a c t  t h a t  t h e  oxidizer  i n l e t  temperature was 

measured on t h e  ex te rna l  surface of  t h e  feed l i n e .  Thus, t h e  transducer would 

not  de tec t  t h e  shor t  durat ion temperature change. The indicated  constant  

oxidizer  tank pressure u n t i l  185 seconds, followed by a sharp drop o f  16 p s i  

and t h e  similar drop a f t e r  t h e  second burn, i s  considered t o  be t h e  r e s u l t  of  

more helium being ingested with t h e  ox id ize r  than the  helium supply system could 

provide, i . e . ,  t h e  flow from t h e  helium storage tanks i s  l imi ted  by t h e  maximum 

f lowrate  through t h e  pressure regula tors .  

One mechanism f o r  helium t o  flow i n t o  t h e  zero-g can would be a break I n  

t h e  standpipe near t h e  top  of t h e  zero-g can. Excessive v ib ra t ions  were noted 

i n  Service Module Systems in tegra t ion  t e s t s  a t  t h e  White Sands Test  F a c i l i t y .  

If these  v ib ra t ions  were c lose  t o  t h e  n a t u r a l  frequency of  the  standpipe o r  t h e  

propel lant  u t i l i z a t i o n  system probe, s i m i l a r  v ib ra t ions  on Spacecraft 009 could 

have sesu l t ed  i n  a leak i n  the  t r a n s f e r  l i n e  ins ide  t h e  zero-g can. The leak 

could be through a break i n  a standpipe a t  t h e  top  of t h e  zero-g can. Pf  t h e  

break occurred j u s t  ins ide  the  top  of  t h e  zero-g can, t h e  pressure drop of the 



z'2h1--6023--T8-000 
Page 6 

oxirlizer Slotring through the r a n  wo11ld allow helium t o  flow i n t o  the zero-g 

r x n  v i t h  a head of l iqu id  above the  can. The estimated pressure drop through 

the can t o  t h e  suspected poin t  of heliuii  inges t ior~  near the top is  approxi- 

rz:tely 0.7 p s i ,  and the pressure due t o  the oxidizer  head above the can a t  

' (0 scconds i s  approximately 0.8 ps i .  The head of l i qu id  above the can is 

.~ppror.imately equal t,o t,he pressure drop through the can a t  70 seconds; there-  

f'orc, helium j.n(=estion could have s t a r t e d  a t  t h a t  time. 

Ihiring the FRF, a leak was observed t h a t  allowed oxidizer  t o  flow from 

t.11e sump tank t o  the storage tank. The leak was reported t o  be due t o  a 

fnlllty s e a l  between the oxidizer  t r ans fe r  l i n e  between the  sump and stora,ge 

Lanlrs and the  standpipe in the sump tank; ho~rever, the a c t u a l  loca t ion  of the  

le<alc was not confirmed. The s e a l  is located near the bottom of the zero-.fr, can 

and (lould allow helii~m t o  flow i n t o  the zero-g can. However, the pressure drop 

thro~~gl?  the zero-g can t o  the s e a l  i s  approximately 0.4 p s i  and the pressure 

d~ie  t,o the oxidizer  hend above the locat ion of the s e a l  a t  70 seconds is :rppro;:- 

imately 3.0 p s i .  Therefore, the loca t ion  of the leak was most l i k e l y  near the 

top of the zero-g can. 

Although the means f o r  f l o~ f ing  helium i n t o  the zero-g can is uncertain,  

helium ingestion i s  the only mechanism t h a t  explains  a l l  of the t r a n s i e n t s  

observed i n  the telemetered data  and the  reported value of oxidizer  loaded 

j n  the  tank. Thus, i t  is concluded t h a t  helium ingestion near the top  of the 

zero-g can i s  the  most probable cause of the anomaly. 

B * 

Tile same arguments presented i n  Section A a r e  va l id  f o r  the mechanism 

of n leak in  the top of the zero-g can, except helium would not e n t e r  t he  

zero-g can u n t i l  the oxidizer  l e v e l  dropped below the l e v e l  of the top  of the can. 

The implication of the top of the zero-g can uncovering a t  SPS f i r s t  burn ign i- 



t i on  plus 70 seconds i s  t h a t  approximate@ 8,900 pounds of oxidizer  was 

loaded instead of the reported 10,460 pounds, The pressure drop from the  

ul lage through the top  s f  the zero-g can wmld be pos i t ive  a f t e r  the  can is  

uncovered, r e su l t i ng  i n  an increasing f l m a t e  of helium i n t o  the  can a s  the  

l i qu id  l e v e l  drops i n  the  sump tank. However, subsequent ana lys is  us ing  the  

BEPP program has indicated t h a t  the reported oxidizer  loaded weight is 

approximately cor rec t ,  Thus, it i s  concluded t h a t  t h i s  malfunction is not  the 

cause of the anomaly. 

A p a r t i a l  cons t r ic t ion  i n  the helium supply l i n e  (possibly i n  t he  hea t  

exchanger) would explain p a r t  of the t r ans i en t  cha rac t e r i s t i c s  indicated by 

the data .  To =produce the observed oxidizes  valve i n l e t  pressure, t he  

pressure drop due t o  the cons t r ic t ion  would have t o  increase with burn time, 

e.g., an accumulation of foreign mater ial ,  beginning i n i t i a l l y  a t  SPS f i r s t  

burn plus  70 seconds. The indicated valve i n l e t p r e s s u r e  drop minus the  

approximate head l o s s  is  ~4 p s i  between 70 and 185 seconds, and the reported 

nominal helium supply l i n e  pressure drop is  6 p s i ,  Thus, f o r  t h i s  mechanism, 

the oxidizer  ta.& p res swe  would decrease 20 p s i  a f t e r  shutdown, which is  

4 p s i  lower than the drop indicated by the da ta ,  In addit ion,  the chamber 

pressure between 70 and 185 seconds does not appear t o  be dr iven by the  valve 

i n l e t  pressures,  i . e e ,  the chamber pressure indicated by the valve i n l e t  

pressures would be much higher than the  observed values, which is not explained 

by "cis mechanism. In addi t ion,  the s t a r t  t r ans i en t  cha rac t e r i s t i c s  and the  

quasi-steady s t a t e  levell. of the  chamber p x s s u ~  during the  second b u m  cannot 

be explatned by t h i s  mechanism. 
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Although some of the anomalies can be explained by a p a r t i a l  constric- 

t ion  i n  the helium supply l ine  downstream of the oxidizer tank pressure 

transducer, the observed chamber pressure and the magnitude of the oxidizer 

tank pressure drop during both shutdowns cannot be explained by t h i s  mech- 

anism. The observed e r r a t i c  chamber pressure during the second burn requires 

an additional malfunction. Therefore, it is considered extremely unlikely 

that  t h i s  malfunction occurred. 

D. P a r t i a l  Const;riction i n  Transfer Line, Between Oxidizer Storage and 
Sump Tanks 

A p a r t i a l  constriction between the  oxidizer storage and sump tanks would 

explain pa r t  of the t rans ients  indicated by the telemetered data. For th i s  

mechanism, a decay in  oxidizer valve i n l e t  pressure would r e s u l t  u n t i l  the 

pressure was reached which would allow the storage tank pressure t o  maintain 

the sump tank a t  a lower steady s t a t e  value. If the constr ict ion increased 

with time, the observed oxidizer valve i n l e t  pressure could be reprorluced. 

A t  shutdown the storage tank ullage pressure would expand in to  the sump tank, 

and the indicated tank pressure would be reduced by approximately one-half of 

the difference between the sump and storage tank pressures. The addit ional  

pressure drop due t o  the constriction would have t o  be 14 psi ,  which i s  the 

observed valve i n l e t  pressure drop minus the approximate head loss. This 

would contribute a 7 ps i  drop t o  the indicated tank pressure loss  a t  shutdown. 

The reported nominal helium supply l i n e  pressure drop is 6 ps i ;  therefore, the 

t o t a l  expected tank pressure drop would be 13 psi ,  which compares favorably 

t o  the observed drop i n  oxidizer tank pressure of 16 ps i .  However, the  chamber 

pressure during the f i r s t  burn does not appear t o  be driven by the i n l e t  

pressures, i.e., the chamber pressure would only drop t o  90 ps ia  i n  response 

t o  the decays i n  valve i n l e t  pressures. In  addition, the s t a r t  t rans ient  



2261-6023 -~8-000  
Page 9 

c t l i r ac t e r i s t i c s  and the  quasi-steady s t a t e  l e v e l  o r  the chamber pressure 

during the  second burn cannot be explained by t h i s  mechanism. It is a l s o  

highly improbable t h a t  a cons t ra in t  would develop i n  a two and one-half inch 

diameter l i n e .  Therefore, it is  considered extremely unl ikely t h a t  t h i s  

malfunction occurred. 

E. Complete Constriction i n  Transfer Line Between Oxidizer Storage and 
Sump Tanks 

I f  there  werea complete cons t r ic t ion  between the oxidizer  s torage and 

sump tanks t h a t  d.eveloped a t  SPS f i r s t  burn ign i t i on  plus  70 seconds, the  

oxidizer  valve i n l e t  pressure would decay t o  approximately 92 ps ia  a t  f i r s t  

burn shutdown. The helium storage tank pressure would be constant a f t e r  

ign i t ion  plus  70 seconds, and the oxidizer  tank pressure would remain constant 

through shutdown. However, the indicated oxidizer  i n t e r f ace  pressure,  af%er 

correct ing f o r  a reported b ias ,  only dropped t o  137 ps ia ;  the helium storage 

tank pressure dropped continuously through the e n t i r e  burn, and the oxidizer  

tank pressure dropped 16 p s i  a t  shutdown, Therefore, it is considered t h a t  

t h i s  malf'unction did not occur. 

F. 
Transducer 

I f  there  were a complete cons t r ic t ion  between the  oxidizer  s torage and 

sump tanks t h a t  developed a t  SPS f i r s t  burn ign i t i on  plus  70 seconds, the  

oxidizer  valve i n l e t  pressure would decay t o  approximately 120 ps ia  a t  first 

burn shutdown. The helium storage tank pressure would be constant a f t e r  

ign i t ion  plus  70 seconds, and the oxidizer  tank pressure would be constant 

through shutdo>m. However, the oxidizer  in te r face  pressure only dropped t o  

137 psia;  the helium storage tank pressure dropped continuoi~sly through the 

e n t i r e  burn; and the  oxidizer  tank pressure dropped 16 p s i  a t  shutdown. 

Therefore, it i s  considered t h a t  t h i s  mlf 'unct ion d id  not  occur. 
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G ,  Thrust Chamber Throat Erosion 

An erosion of the t h rus t  chamber th roa t  would cause the  chamber pressure 

t o  decrease, the propellant  flowrates t o  increase and both i n l e t  pressures t o  

decrease by approximately the same magnitude. Rowever, the  t h rus t  would a l s o  

increase, and f o r  a th roa t  area increase sf the magnitud-e indicated by the  

chamber pressure drop, the propellants would probably be depleted before the  

end of the  scheduled %am time. For t h i s  mechanism, .the required veloci ty  

would be reached e a r l i e r  than expected; however, the  indicated veloci ty  g a h  

tms over 20 percent l e s s  than the  expected velocity increase. In adclit-lon, 

the chamber pressure during the second burn returned t o  over 90 psia, indicat ing 

t h a t  the  throat  had not enlarged. The indicated decrease i n  the oxidizer tank 

pressure a t  shutdown would require an addi t ional  malfunction. Although some 

of the  observed trends would be expected from a t h rus t  chamber throat  erosion, 

?t i s  considered t h a t  t h i s  malfunction d id  not occur. 

H. Oxidizer k a k  Upstream of Propellant Shutoff Valves 

An oxidizer leak upstream of the  shutoff valves would cause an increased 

oxidizer flowrate, a corresponding decrease in  oxidizer valve i n l e t  pressure, 

and somewhat smaller decreases i n  chamber pressure and i n  f u e l  valve i n l e t  

pressure. Par t  of the decrease i n  chamber pressure would be i n  response t o  

the decrease i n  the i n l e t  pressure. A somewhat compensating e f f e c t  would r e s u l t  

from a decrease of the oxidizer l i n e  and in jec tor  pressure drop due t o  the 

reduced engine flowrate. The s ize  of the leak t h a t  would r e s u l t  i n  the observed 

t rans ien ts  during the f i r s t  bum could be uniquely determined, but  a l l  of the  

observed anomalies would not r e s u l t  from an oxidizer I.eak, so the comlputation 

was not undertaken. The oxidizer tank and valve i n l e t  pressures were constant 

between burns, and i f  an oxidizer leak were present, these pressures would 
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have decayed. The chamber pressure of over 90 p s i a  could not have been 

obtained during the second burn i f  a leak were present,  and the  oxid izer  

tank pressure drop of 16 p s i a  a t  shutdown would require  an add i t i ona l  m a l -  

function. Although ce r t a in  of t he  observed t r ans i en t s  during the first  burn 

could be explained by an oxid izer  leak  upstream of  the  propel lan t  shutoff  

valves, o ther  unexplained a n o m l i e s  ind ica te  t h a t  t h i s  malf inct ion d i d  not  

occur. 

I. Oxidizer Leak Downstream of Proae l lan t  Shutoff Valves 

An oxidizer  leak downstream of  the  propel lan t  shutoff  valves could 

cause ce r t a in  of the indicated t r ans i en t s  during the  f i r s t  burn. The oxid izer  

tank and valve i n l e t  pressures  would be constant between burns, s ince  the  

propel lant  shutoff valves would prevent oxidizer  from leaking between burns. 

However, the chamber pressure during the  second burn would not  increase t o  

90 psia ,  and the oxidizer  tank pressure decay of 16  ps i a  a t  shutdo~m would 

remain unexplained. However, the hole s i ze  would have t o  increase with time 

during the  latter port ion of  the f i r s t  burn i n  order  t o  cause the indicated 

oxidizer  in te r face  and chamber pressure p r o f i l e s  during t h a t  time period. 

A t  the start of the second burn, the  same hole s i ze  t h a t  was present  during 

the  end of the  f i r s t  burn would be expected. Thus, the same in t e r f ace  and 

chamber pressures would be expected a t  the s t a r t  of t he  second burn except 

f o r  the e f f e c t s  of any tank pressure equal izat ion between t h e  sump and s torage 

tanks during the zero-g period due t o  t he  flow res i s tance  between them. The 

pressures  would then be expected t o  decay from t h i s  l e v e l  during the  second 

burn. 

The oxidizer  in te r face  pressure and the  chamber pressure a r e  g rea t e r  

a t t h e  s t a r t  of t he  second burn, and the  drop t o  10 ps i a  chamber pressure 

during the second burn recovered t o  a l e v e l  g rea t e r  than the l e v e l  observed 



d-uring the end of the f i r s t  burn, ind ica t ing  t h a t  a leak was not  present .  

Although ce r t a in  of  t he  observed t r ans i en t s  during the  f i r s t  burn cou1.d 

be explained by an oxidizer  leak dotmstream of the propel lan t  shutoff  valves, 

other  unexplained a n o m l i e s  tend t o  ind ica te  t h a t  the  malf'unction d id  not 

OCCi lT .  
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N. HF,LKTM INGESTION ANALYSIS 

F l igh t  data  ind ica tes  the  pressure i n  the  oxidizer  tank remains approu- 

iinztely constant through the  t o t a l  f i r s t  burn, ~ r h i l e  the  oxidizer  i n l e t  

pressure drops s ign i f i can t ly  beginning a t  SPS ign i t i on  plus  70 seconds. The 

pressure i n  the f u e l  tank remains approximately constant, and the  f u e l  i n l e t  

pressure drops s l i g h t l y .  Computer ca lcu la t ions  u t i l i z i n g  an  SPS inf luence 

coerf i c i e n t  engine model with inputs  of f l ight da ta  i n l e t  pressures  p red ic t  

3 chamber pressure p r o f i l e  ( ~ i g u r e  1) which drops much l e s s  severely than the  

f l i g h t  da t a  indicates .  The lowest f i r s t  burn chamber pressure da t a  is 70 p s i a  

a t  183 seconds, while the value predicted by engine i n f l ~ ~ e n c e  coe f f i c i en t  

model is  90 ps ia  f o r  the  i n l e t  pressures  indicated a t  t h a t  time. Therefore, 

C-star,  the t o t a l  tieight flow, o r  both a r e  l e s s  than predicted by the mathe- 

matical  engine model. 

R. C .  Mar t ine l l i s '  paper en t . i t l ed ,  "Isothermal Fressure Drop f o r  !&TO- 

Phase Two Component Flow i n  a Horizontal Pipe," ( ~ e f e r e n c e  1) indica tes  the 

pressure drop, i n  two-phase flow of %as and l i q u i d  f o r  given f l u i d  floxdrates, 

can be much grea te r  than f o r  the flow of gas o r  l i q u i d  alone. This lends 

crerlence t o  the p o s s i b i l i t y  of helium ingest ion explaining the observed da ta .  

Su f f i c i en t  helium ingestion i n  the oxidizer  feed system could r e s u l t  i n  reduced 

oxidizer  l i qu id  flowrate i n t o  the engine, reducing the  chamber pressure,  and. 

r e su l t i ng  i n  a l a rge r  than nominal pressure drop from the tank t o  in te r face ,  

even a t  t h e  reduced l i q u i d  flowrate.  Hand ca lcu la t ions  of the  oxidizer  flow- 

r a t e  were made using the indicated t h r u s t  chamber (pCi) and f u e l  i n l e t  (P ) if 

pressures,  assuming the f u e l  i n l e t  t o  t h r u s t  chLmber res i s tance  ( R  ) remains 
f i c  

constant.  Solving the following simultaneous equations f o r  C-star (c*) 

graphica l ly  f o r  the conditions indicated a t  the  time of 183 seconds ( see  

Figure 2): 
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( r e l ~ ~ t i o n s h i p  derived from multiple l i n e a r  regression ana lys is  of SPS s t a t i c  

tes! da ta )  
I 

where, 

= oxidizer  flowrate, lbm/sec 
0 

At 
= t h r u s t  chamber i;hroat a rea  from the predicted time h i s to ry ,  i n  

2 

P = t h roa t  s tagnat ion pressure derived from telemetered da t a  
Ci'1 

P = i n j ec to r  end s tagnat ion pressure c i  

U t i l i za t ion  of Equation ( 2 )  (c -s ta r  based e n t i r e l y  on the l i q u i d  mixture 

r a t i o )  must be qua l i f ied  somewhat. The helium ingest ion even a t  l a rge  helium 

volumetric flowrates would not degrade the  value of C-star s ign i f i can t ly  due t o  

thermocheinical considerat ions. However, Equation ( 2) was derived from a range 

of mixture r a t i o s  from 1.48 t o  '2.28 and may not be accurate  a t  the low mixture 

r a t i o s  (approximately 1.0)  calculated f o r  the  l a s t  port ion of the  SPS f i r s t  

burn. In  addition, the  e f f e c t s  of helium is the oxidizer  on the  f l u i d  d i s t r i -  

but ion and the  in j ec to r  impingement angles i n  the i n j e c t o r  would reduce the  C-star 

e f f ic iency .  Thus, the  oxidizer  flowrates calculated using t h i s  equation a r e  

probably somewhat smaller than a c t u a l  values.  This ca lcu la t ion  ind ica t e s  t h a t  

the oxidizer  flowrate could be decreased grea t ly ,  and the f u e l  flowrate would 

r i s e  only s l i gh t ly ,  thus the low t o t a l  f l o w a t e  and the  reduced C-star e f f i c i ency  

would r e s u l t  i n  a low chamber pressure.  
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Solving the equations a t  T = 183 seconds where, 

from Equation (3 ) : 

= 2'j,O7lb/sec f 

and from simultaneous so lu t ion  of Equations ( 1 )  and (2 )  ( ~ i ~ u r e  2), 

ir = 21.81b/sec 
0 

Using ! k r t i n e l l i t s  method of ana lys is  ( ~ e f e r e n c e s  1 and 2)  t he  magnitude 

of the volumetric f l o ~ r r a t e  of helium necessary t o  give the observed tank t o  

in te r face  pressure drop a t  T = 183 seconds, with above calculated oxidizer  

l iqu id  flotrrate was determined. 

Equation (3) of Reference 2 gives: 

TPF 

where, 

1 ') TPF 
= pressure gradient  f o r  two-phase flow 

= pressure gradient  assuming only l i q u i d  phase flowing ( f o r  
L the given l i q u i d  f lowrate)  

YLtt = the experimental parameter p lo t ted  i n  Figure 2 of Eeference 2 
versus the independent modulus X which i s  an independent tt' parameter which co r re l a t e s  wel l  171th experimental two-phase 
pressure drops, and is given by: 

/ 0.111 0 555 

Xtt 
= ( = the dimensionless two-phase 

flow independent parameter i n  
~.rhich the flow of both the 
l iquid and the  gas is  turbulen t ,  

For t h i s  equation, 
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p L' /*? 
= viscos i ty  of l i qu id  and gas respec t ive ly  

VLj Vg = spec i f i c  volume of the l i q u i d  and gas respect ively 
'> 

WL, Xg 
= weight flow of the l i q u i d  and gas respect ively 

The calculat ions a t  T = 183 seconds were performed a s  follows: 

From the  f l i g h t  data,  the pressure drop from the  oxidizer  tank t o  engine 

inlet i n  the period before 70 seconds i s  18.2 psia .  The engine model ralcu-  

l a t e s  an  oxidizer  f lovra te  of 44.0 pounds per  second i n  t h i s  steady s t a t e  

reyion. A t  T = 183 seconds, where i r  = 21.8 pounds per second, ( a ~ ) ~  would 
0 

therefore be 

The observed LIP i s  158 - 138.3 = 19.3. Therefore, using the equation 

2 
(@)TPF 

2 
19.5 = 4.55 mLtt 

therefore,  

BLtt 
= 4.30 

9Lt t = 2.08 

From Reference 2, Figure 2, t h i s  gives: 

v z  = 2.35 

therefore,  
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theref  ore, 

a t  th.e given pressure, assuming t h e m 1  equil ibrium with the propellan?;, the  

helium volumetric flowrate would be: 

3 v = 1.20 f t  /see 

3 At 21.8 lb/sec, the  oxidizer volumetric f'lowrate i s  0.242 f t  /see; therefore,  

the  percent by volume of helium flowing is 83 percent. 

This helium flowrate, calculated f o r  the  condit ions indicated a t  

T = 183 seconds, is the  maximum hel-lwn ingestion r a t e  determined Tor t he  

first burn. During the  second burn, when -the PC i s  indicated t o  have dropped 

t o  10 psla,  the  volumetric percent f o r  t h a t  period is estimated t o  be 90 t o  

93 percent (no calcula t ion w a s  made). 

Subsequent t o  the  i n i t i a l  ca lcula t ions  indicated above, computer calcu- 

l a t i ons  were made u t i l i z i n g  the LFSIDE non-linear engine model. In these 

calcula t ions  Sthe oxidizer flowrate h i s t o ry  between 70 and 183 seconds w a s  

ca lcula ted on the  ba s i s  of the telemetered in te r face  pressures, and .the 

chamber pressure.  The program used a constant f ie1 interface-to-chamber 

res is tance  and varied t he  oxidizer interface-to-chamber resists-nce t o  lower 

the  oxidizer  flowrate during the  period of helium ingestion. The assumption 



was made in  these calculations t h a t  the C-star 2,s a. .Cunction of mixture r a t i o  

re la t ionship derived from s t a t i c  t e s t i ng  a t  AE3.32 w a s  va l id ,  The telemetered 

data indicates the oxidizer tank pressure a t  f i j rs t  burn shutdown is 160 psia .  

Assuming the tank pressure drops l inear ly  from 174 t o  160 ps ia  during t he  

first burn, and using the i n l e t  pressures and the  fkowrates calculated using 

the above procedure, the helium ingestion r a t e  was determined using Reference 2, 

Figure 2. The r e s u l t s  a re  plot ted i n  Figure 3 .  

The oxidizer main valve i n l e t  temperature and t h e  feed l i n e  t e ~ p e r a t u s e  

drops 5' F, from T = 70 seconds t o  the  end of t he  f i r s t  burn. This could be 

due t o  the increasing percentage of cool helium flowing through %he system. 

A l a a  F. drop i n  the feed l i n e  temperature occurs during the  middle portion 

of the second bum. This occurs a t  the same time a s  the chamber pressure drop 

t o  10 psia, both of which could be explained by a slug containing a l a rge  

percentage of helium going through tlie feed system in to  the  engine a t  t h i s  time. 

Integration of the helium flowrate i n  Figure 3 y ie lds  a t o t a l  helium l o s s  

3 of 72.9 ft or  8.5 pounds. An independent calculation was made of the t o t a l  

helium lo s s  from the vehicle during the f i r s t  burn, using the thermo6ynami.c 

s t a t e s  of the helium storage t?,nks and propellant  tanks a t  s ta r tup  and shutdown. 

'6he volume of helium remaining i n  the propellant  tanks a t  shutdown f o r  t h i s  

calculation was determined from the BEPP Program predicted oxidizer and f u e l  

mass remaining a t  f i r s t  burn shutdown. This calculation y ie lds  6.1 pounds 

t o t a l  helium loss,  assuming f i n a l  helium temperature i n  the  tank of YZa P. 

If a helium temperature of 62O, equal t o  the  propellant  temperature, i s  

assumed, the mass lo s s  detemined by t h i s  method would be 12-9 pounds, The 

ac tua l  temperature is  probably between these t w o  values, and therefore the 

r e s u l t s  by both methods a re  i n  good agreement, de f in i t e ly  indicating helium 

was l o s t  from the pressurization and prope l lmt  tankage sys t em.  
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An approximate calculat ion Iras made of the  pressure drop i n  the oxid izer  

retent ion reservoi r  from the reservoi r  entrance t o  the  reservoi r  top. This 

cnlr+ulation assumed l o s s  of the complete ve loc i ty  head a t  the  r e se rvo i r  

entrance tu rn  and the turn  2t the top  of the  reservoir ,  y ie ld ing  a l o s s  of 

0.4 ps ia  and 0.3 ps ia  respect ively,  f o r  8 t o t a l  of 0.7 ps ia .  A leak between 

'ille t r ans fe r  l i n e  and the  ins ide  of the  r e se rvo i r  would r e s u l t  i n  helium lflow 

into the reservoi r  when the pressure i n  t h e  reservoi r  a t  the leak point  be- 

c-onles l e s s  than i i z  the l i n e .  Helium ingestion begins occurring at T = '(0 

seconds, and the ne t  f l u i d  head due t o  propel lant  above the  top  of t he  Teser- 

vo i r  a t  t h i s  time point  is calculated t o  be 0.8 p s i a  a t  the t h r u s t  accelera-  

t i o n  indicated by data .  These t ~ r o  ca lcu la t ions  and the  calculated time 

increasing helium ingest ion r a t e  ind ica te  tha t  a  leak from the  t r a n s f e r  l i n e  

t o  the reservoi r  near the top of the reservoi r  can explain the observed da ta .  



2261-6023-T8-b00 
Page 20 

V . PR0F'UI.S I O N  SYSTEM PERFORMANCE EVA UJATION 

A .  scussion of BEPP Program 

'The TR'W developed Best Estimate of Propulsion Parameters (BEPP) Program 

wzs used t o  determine the  AS-201 SPS performance parameters. This program 

u t i l i z e s  a weighted, least-squares  technique i n  con junction with a l l  of the 

avai lable  da ta  from s t a t i c  t e s t  i n  addi t ion  t o  the  physical  laws which des- 

cribe the  behavior of the  propulsion/propellant sys tems and t h e i r  i n t e r a c t  ion 

with the spacecraf t .  From the  various f l i g h t  and s ta t ic - tes t -der ived  data ,  

the simulation ca lcu la tes  the time h i s t o r i e s  of t h m s t  acce lera t ion ,  propel- 

l a n t  weight consumed, i n e r t  weight expended, and the  propulsion system per-  

f o m n c e  parameters. The s i m l a t i o n  embodies complete e r r o r  models f o r  the 

various f l i g h t  and s t a t i c  t e s t  da t a  used a s  inputs.  The technique is t o  

determine the values of the  propulsion and propel lant  systems performance 

parameters i n  the e r r o r  model t ha t  minimize the quant i ty:  

where, 

x = an a.rhitraiy f inc t ion  t o  be minimized 

Z .* = a f l i g h t  t e s t  da t a  poin t  
J 

Z = value corresponding t o  the f l i g h t  t e s t  da t a  poin t  calculzted ' by the simulation 

a * = a p r i o r i  es t imate of the  standard deviat ion of the da t a  point  
j 

The f l i g h t  t e s t  da t a  a r e  divided i n t o  the following three  c lasses :  



( 1 )  s t a t i s t i c a l l y  matched cons t ra in ts  

( I?)  imposed f l i g h t  data  from the p a r t i c u l a r  f l i g h t  

(3) standard spncecmft  c l a s s  par-meters 

Class (1) data  a r e  those matched s t a t i s t i c a l l y  i n  a weighted l e a s t -  

sqtlzres sense. These da ta  cons is t  of the fo l lo~r ing:  

Thrust a.cc:eleration time h i s to ry  

CM/SM dam3 \re igh t  

Taaded oxid.izer weight 

Zoaded f'uel   eight 

Class (2 )  data  are those derived from each f l i g h t  t e s t  a r e  u e d  

a s  input t o  the propulsion and vehicle simulation of BEPP and cons is t  of the  

f ollov.i11g: 

SF:; Engine s t a r t  and cutoff  times 

Propel lant  dens i ty  time h i s t o r i e s  

Frowellant i n t e r f ace  pressure time h i s t o r i e s  

Oxidizer l i n e  res i s tance  time h i s to ry  

SPS nozzle t h roa t  a rea  time h i s to ry  

Class (5)  d a t i  z re  the standard spacecraf t  c l a s s  parameters used a s  

input t o  the propulsion and vehicle simulations of BEPP which consisted of 

the follorring: 

SPS Engine influence coef f ic ien ts  

Miscellaneous flowrate schedule ( ab l a t ive  nozzle florirate,  
RCS flowrates,  e t c .  ) 

C.  SPS Performance S i m l a t i o n  

The standard influence coef f ic ien t  model f o r  the SPS performance 

simulation was u t i l i z e d  from ign i t i on  t o  70 seconds. Thereafter,  t h i s  model 
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could not be used due t o  the anomalous behavior of the  oxidizer  i n t e r f ace  

pressure and the  t h r u s t  chamber pressure which d id  not follow the  influence 

coefficierit  model. Therefore, an aux i l i a ry  engine balance-rebalance program 

(IXMDE model) was used t o  simulate the  anomalous oxidizer  flow phenomena by 

determining the  variable  oxidizer  i n l e t  t o  chamber res i s tance  required t o  

match the teleraetered oxidizer  and f u e l  in te r face  pressures  and chamber pres- 

sure.  The re su l t i ng  oxidizer  l i n e  res i s tance  time-histoyy a f t e r  i gn i t i on  t.70 

seconds was then input  i n t o  the  BEPP model t o  s i m l a t e  t he  changes i n  t h r u s t  

and propel lant  flowrntes which were not adequately modeled by the  standard 

use of influence coef f ic ien ts .  

D. Determination of Total  Thrust Acceleration P r o f i l e  

Tota l  t h r u s t  acce lera t ion  p r o f i l e s  were calculated from two a x i a l  accel-  

erometers: ( 1 )  CK 0004, l i n e a r  acce lera t ion  s t ruc tu re  x-axis, and ( 2 )  

CH 3184, AV remaini.ng potentiometer output,  The engine gimbal angles: ( 1 )  

CH 0034, p i t ch  pos i t ion  feedback input, and ( 2 )  CH 1034, yaw pos i t i on  feedback 

input,  were used t o  ca lcu la te  the  t o t a l  t h m s t  acce lera t ion  along the engine 

ax is .  Each acce lera t ion  da ta  source had spec i f i c  advantages t h a t  were used t o  

proc1~1.ce the b e s t  e s t i a z t e  of t o t a l  t h r u s t  accelerat ion.  The processing is 

discussed i n  t he  fol loving two sect ions.  

( 1 )  CH 3184, AV Remaining Potentiometer Output: 

The t o t a l  t h r u s t  acce lera t ion  was calculated using the  equation: 

a = -(dvg / d t ) ( c o s  Q ) - ~  (cos  t (1) 

where, 
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t 
= t o t a l  r e su l t an t  t h r u s t  accelerat ion,  f t / s e c  

Vg 
= veloci-Ly t o  be gained measured along the x-axis, f 't/sec 

t = time from Range Zero, sec 

8 = angle between the SPS Engine and the  x-axis i n  the  p i t c h  
plane, degrees 

6 = angle between the SPS Engine and the  x-axis i n  the  yaw plane, 
urees de, 

!Yleasurement CH 3184 da ta  came from the  a x i a l  accelerometer i n  t he  bcdy 

mounted a t t i t u d e  gyro assembly. The accelerometer was assumed t o  be al igned 

t o  the x-axis within the  spec i f ied  14  a r c  minutes, An on-board system in t e -  

g ra t e s  the acce lera t ion  and d i f fe rences  the  r e su l t i ng  ve loc i ty  from a spec i f ied  

terminal veloci ty ,  giving the  veloci ty  t o  be gained ( V  ), which was telemetered g 

a s  a proport ional  voltage. This da t a  was scaled t o  u n i t s  of f e e t  per  second 

in the  format received by TRW. The time der iva t ive  of V, was ca lcu la ted  using 
b 

a polynomial d i f f e r e n t i a t i n g  f i l t e r .  This procedure gave values of dvg/dt 

throughout the SPS burn f o r  use i n  Equation (1). The p i t ch  and yaw angles  

through which the  SPS Engine devinted from the x-axis were read d i r e c t l y  from 

measurements CH 0034 and CH 1031+, respect ively.  The cosines of these angles 

were used i n  Equation ( 1 ) .  

The da t a  ed i t i ng  procedure was designed t o  eliminate obviously erroneous 

points  and t o  cope with the least-count  problem imposed by the te lemetry.  A 

change i n  the  telemetered ve loc i ty  w a s  only indicated when a change o f  a t  

l e a s t  55 f e e t  per  second had been accumulated s ince the previous l e v e l ,  Data 

were se lec ted  only a t  the times when a ve loc i ty  change was reg is te red .  Since 

a given ve loc i ty  change could have been accumulated a t  any time i n  the TOO 

milliseconds sampling period, the time was biased -50 milliseconds, 
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Several d i f f e r en t  polynomial d i f f e r e n t i a t i n g  f i l t e r s  were evaluated. 

One-hundred one da t a  poin ts  in  a second degree polynomial moving a r c  f i t  was 

considered the  bes t  f o r  smoothing the da t a  from t h i s  f l i g h t .  

(3) CK 0004, Linear Acceleration S t ruc ture  X-Axis: 

This acce lera t ion  da ta  source showed two d i s t i n c t  advantages over 

measurement CH 3184 data .  F i r s t l y ,  the  output was telemetered a s  acce lera t ion ,  

which el iminates  the  noise-producing d i f f e r e n t i a t i o n  s t e p  required i n  the 

CH 3154 da t a  processing. Secondly, the 100 samples per  second sampling r a t e  

f o r  t h i s  measurement a s  compared t o  a 10 samples per  second r a t e  f o r  measure CB 3184 

tends t o  el iminate  the telemetry-induced reso lu t ion  problem, encountered on 

measurement CH 3184 data .  

The da t a  were edi ted,  smoothed with a numerical f i l t e r ,  scaled by 32.174, 

and corrected f o r  the engine gimbal angles.  A s  was an t ic ipa ted ,  a s i g n i f i c a n t  

zero s h i f t  was observed. The magnitude of t h i s  zero s h i f t  changed during SPS 

burn from 5.59 f e e t  per  second squared t o  3.70 f e e t  per  second squared. The 

zero d r i f t  was assumed t o  be l i nea r ,  and the  da t a  were corrected according.ly. 

Since the CH 3184 da ta  were not  a s  suscept ib le  t o  zero d r i f t ,  the  CK 0004 

d a -I;,. n p r o f i l e  w a s  b i a s  corrected such t h a t  the  ve loc i ty  gain dusing a convenient 

time period w a s  the sane f o r  both sources.  This correct ion was 158 f e e t  per  

second out of a t o t a l  2,989 f e e t  per  second curing the  period between 1,226 

and 1,365 seconds. 

Basical ly  then, the t h r u s t  acce lera t ions  used i n  the f i n a l  BEPP Program 

ca lcu la t ion  have the  shape of CK 0004 da t a  ( s ca l e  corrected f o r  zero d r i f t  

during the f i r i n g )  and the  magnitude of CH 3184 da ta .  
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Acceleration da t a  derived pr imari ly  from measurement CK 0004 and 

ca l ibra ted  aga ins t  measurement CH 3184 as a standard were matched i n  t he  

BEPP Program from 1,213 seconds t o  1,300 seconds. Figure 6 presents  t he  

f l i g h t  acce lera t ion  da ta  match (BEPP Program derived minus ac tua l ,  divided 

by ac tua l ,  i n  percent) versus time a t  one second in t e rva l s  throughout the  

SPS bum duration. Compared t o  a t y p i c a l  Ti tan 11, Stage 2 ana lys is  ( s ee  

Figure 4), t he  noise i n  the acce lera t ion  is  qui te  excessive. Most of  the 

Titan deviat ions from zero a re  within - + 0.25 percent.  The band of c 0.25 - 
percent is  p lo t t ed  i n  Figure 6 f o r  a ready comparison between expected 

accelerat ion matches when good acce lera t ion  da ta  a r e  ava i lab le  and the  

nccelerat ion match obtained on AS-201. 

The importance of good acce lera t ion  da t a  is i l l u s t r a t e d  by a comparison 

of REPP Program r e s u l t s  when the two d i f f e r e n t  acce lera t ion  da t a  sources a r e  

u t i l i z e d .  A l l  BEPP Program inputs were i d e n t i c a l  f o r  both ca lcu la t ions  with 

the  exception of the  t o t a l  t h r u s t  acce lera t ion  p r o f i l e s .  A comparison of 

Figure 5 which presents  the CH 31.84 acce lera t ion  da t a  match t o  Figure 6 

which presents  the CK 0004 acce lera t ion  da ta  match shows the  increased 

magnitude of noise present i n  t h e  measurement CH 3184 data .  Since the BEPP 

Program matches the acce lera t ion  da ta  i n  a l e a s t  squares sense i n  der iv ing  

the key propulsion parameters of t h rus t ,  spec i f i c  impulse, mixture r a t i o ,  

and propel lan t  flowrates, the  noise and inaccuracy i n  acce lera t ion  da t a  is  

r e f l ec t ed  i n t o  the propulsion parameters. mis accounts f o r  the  d i f f e r ences  

observed i n  Table V-1. 
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Table V - 1  

( 1 )  A t  standard i n l e t  conditions.  

( 2 )  Time span i n  the acce lera t ion  da t a  match 1213 - 1300. 

( 3 )  Time span i n  the acce lera t ion  da ta  match 1226 - 1300. The l a t e r  i n i t i a l  
time was necessi ta ted by the  long smoothing span required f o r  t h i s  da t a ,  

Al tho~gP~ the mixture r a t i o s  from both ca lcu la t ions  a r e  nearly equal,  

t h e i r  v a l i d i t y  i s  questionable s ince only i n i t i a l  propel lant  loaded weights 

a r e  known, and there i s  no other  measurement of propel lant  quan t i t i e s  during 

the f l i g h t .  Thus, there i s  no da ta  t o  dr ive  the BEPP so lu t ion  from the input 

reported values of i n i t i a l  propel lant  weights. The difference in  spec i f i c  

impulse values i s  s ign i f i can t  and is  due pr imari ly  t o  the poor qua l i t y  of the 

accelerat ion data  and the lack of s u f f i c i e n t  instmmentat ion f o r  accurate  

flowrate determinations. 

The BEPP Program r e s u l t s  from measurement CK 0004 a r e  considered t o  be 

the more r e a l i s t i c .  This acce lera t ion  da ta  ac tua l ly  combines the b e s t  fea tures  

of both da ta  sources. 

The f i n a l  BEPP Program r e s u l t s  which a r e  considered t o  be most represen- 

t a t i v e  of the propulsion system performance of AS 201 a r e  summarized i n  Table V-2.  

P lo ts  which describe the time h i s t o r i e s  of t t ~ e  acce lera t ion  match and the  derived 

propulsion parameters a re  given in  Figures 6 through 11. 
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The aceeleratior, data from measu~enwznt CK 0004 i s  rratched by the 

BEPP Program during the f l i g h t  time span of 1,213 t o  1,300 seconds, ?'he 

resulting de l ta  acceleration match is  presented i n  Figure 6. The de l t a  

acceleration profi le  during the region being matched is  primarily bcsunaed 

by plus or minus two percent. The larger  de l ta  accelerations a f t e r  th.e 

region being matched i s  plotted for  a comparison of input -GO BEPP Program 

derived acceleration, but they do not a f fec t  the BEPF Program derived 

propulsion system performance parameters. The deviations are the result. 

of the engine model's not being able t o  accurately describe the helium 

ingestion, e.g., the effects of helium tngm.tion on C-star and Cf have not 

been included i n  the model. If the additive e f fec t  of the helium i n  the 

thrust  chamber gasses were properly considered, the calculated thrus t  

would be greater during the l a t t e r  portion of the f i r s t  burn. This would 

r a i se  the calculated acceleration gain ra te  during the l a t t e r  portion of the 

f i r s t  burn and improve the f l igh t  acceleration data match a f t e r  1,320 seconds. 
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I". Additional SPS Performance Calculations 

In addf t i on  t o  Lhe BEPP Prograru method of aeteimining SPS perfoririince, 

the c l a s s i c a l  methods f o r  ca lcu la t ing  rocket engine performance have been 

exercised. These methods include determining engine spec i f i c  impulse using 

the following equations : 

where, 

AV = t o t a l  veloci ty  gain during the time i n t e r v a l  of i n t e r e s t ,  
f t / s e  c  

= weight t o  mass conversion fac tor ,  32.174, f t / s e c  2 
go 

Mi 
= t o t a l  mass of the stage a t  the s t a r t  of the time i n t e r v a l  

of i n t e r e s t ,  lbm 

Mf 
= t o t a l  mass of the  s tage a t  the  end of the  time i n t e r v a l  of 

i n t e r e s t ,  lbm 

C* = t h r u s t  chamber cha rac t e r i s t i c  exhaust veloci ty ,  f t / s e c  

Cf = t h r u s t  chamber t h r u s t  coef f ic ien t ,  u n i t l e s s  

= t o t a l  propel lant  flowrate, lb / sec  
t 

PC = t h r u s t  chamber nozzle s tagnat ion pressure,  ps ia  

At = t h r u s t  chamber t h roa t  area,  i n  2 

= oxidizer  and f i e 1  propel lant  dens i ty  respect iveLy, lb/ft 3 
Po9 
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LIPo, APf = oxidizer  and f i e 1  interface-to-chamber pressure drop 
respect ively,  p s i  

Ro, Rf = oxidizer  and f u e l  interface-to-chamber flow res i s tance ,  
respect ively,  sec2/in2-ft3 

1. Method Using Equation (1 )  

Results obtained from Equation ( 1 )  were calculated from the ve loc i ty  

gained a s  indicated by the  in tegra ted  a x i a l  accelerometer da ta  (measurement 

CH 3184) from SFS ign i t i on  ( T )  t o  T + 77.52 seconds. The mass r a t i o ,  M .  / M ~ ,  
1 

was calculated from (1) the  BEM Program r e s u l t s  and (2 )  t he  in tegra ted  

flowrates derived from the pressure drops from the in te r faces  t o  t he  combus- 

t i o n  chamber, assuming nominal s tage damp weights, p ropel lan t  tanked weights 

and interface-to-chamber res i s tances .  The cont ro l l ing  f a c t o r  which degrades 

the  accuracy of t h i s  method i s  the l e a s t  count of AV from the in tegra ted  a x i a l  

accelerometer output due t o  the  FCM telemetxy capabi l i ty ,  The t o t a l  output 

range i n  terms of ve loc i ty  t o  be gained is  -1000 t o  + 13000 a s .  The minimum 

increment t h a t  can be resolved is  ( 1 1 2 ) ~  of the f u l l  14,000 fps sca le  o r  about 

55 fps .  This lack of precis ion t r ans l a t ed  i n t o  terms of equivalent  I during 
ST' 

the time durat ion considered amounts t o  10.3 seconds squivalent  I p rec i s  ion. 
s P 

In other  words, an e r r o r  of only one PCM count i n  the  time i n t e r v a l  chosen :for - 
t h i s  calculat ion produces an e r r o r  of 10.3 seconds of I . Therefore, t h i s  

s P 

method does not  permit an accurate  determination of engine performance. 

2. Method Using Equation (21 

Both C-star and C a r e  s t rong functions of engine mixture r a t i o  and veak f 

functions of chamber pressures.  Therefore, the engine f lowrates  were calcu- 

l a t e d  a t  20 second increments using the  measured LlF" s from in t e r f ace  t o  

chamber, assuming constant line res i s tances  during t he  f i r s t  70 seconds of 

burning. The r e su l t i ng  MR values were used t o  ca lcu la te  C from the 
f 



t heo re t i ca l  re la t ionship  a s  follows: 

'Rle v:ilues of :-star a t  each mixture r a t i o  were obtained from Reference 3 

f o r  il-le L S e r i e s  of s t a t i c  t e s t  f i r i n g s  a t  AEDC. The pressure dependence of 

both C-star and C was not considered s ince the  chamber pressure was approx- 
f 

irnately nomi.na1 during t h i s  time in t e rva l ,  

5 .  Method Using Equation (3)  

The engine t h r u s t  was calculated. from the head end measured PC a f ' i e r  

- I 1 e c t i n g  f o r  the predi::ted l o s s  from head end pressure t o  nozzle s tagnat ion Po-'--- 

pressl-!re. Theoret ical  m l u e s  of C determined using tile method cLescrihed f o r  
f 

Xquation ( 2 )  -,?ere a l s o  used f o r  t h i s  case. The engine flowrates were calculated 

using the measured a ' s  a s  a l s o  described above. Propel lant  d e n s i t i e s  were 

determined from the telemetered temperatures measured a t  the  tank e x i t s .  Line 

res i s tances  were assumed. concl,ant during the 70 second time i n t e r v a l  and. Irere 

based t1pon the acceptance t e s t  v:*lucs a s  calculated from the engine log  boolc. 

4. S u m r y  of ?:..ilculated Performance Results - 

The spec i f i c  impulse v ~ ~ l u e s  given i n  Table V-2 a r e  shown fo- reference 

purposes only and do not cons t i tu te  t he  TRW System:: recommended values of 

f l i q t i  t derived engine perfon~mnc~e. 



Table V-2 
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Method 

1. Equation (1 )  

using LliP 

2, Equation (2 )  

SF'S Engine Perfor 

Average (T  t o  ~+77.52) 
lance Parameter:.; 

Standard I n l e  t Cond . - 
Thrust  1 I 

SD 
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